Abstract. One-shot NMR imaging with a very short data acquisition time (-20 ms) is used to reveal the structure of a turbulent equilibrium puff in a transitional pipe flow. Longitudinal vortices in the downstream region of a puff are very clearly visualised in the NMR images. The structure of a puff derived from the images agrees with that suggested by a flow visualisation experiment done previously. The present study demonstrates that one-shot NMR imaging is a very powerful tool in visualising large-scale coherent structures in turbulent flow.
The transition from laminar to turbulent flow in a circular pipe has been studied for more than a hundred years since its discovery [l] , but the lower critical Reynolds number (-2000) has not yet been explained theoretically. One approach to this problem is to clarify the structure of a turbulent 'puff observed in the transitional region where the Reynolds number (Re) is between 2000 and 2700 [2] . Puffs are generated by a large disturbance at the inlet of a pipe and observed to move downstream indefinitely while preserving their length when Re is around 2250 [3] . The fundamental character of a puff has been clarified by hot-wire measurements [3] and a flow visualisation experiment [4], but the detailed structure of a puff is still unknown.
This report presents the first cross sectional NMR images of puffs obtained in a very short data acquisition time (-20 ms). These images clearly visualise longitudinal vortices in the downstream region and spiral motions in the upstream of a puff. The present results have further enabled a quantitative evaluation of the longitudinal vortex motion which has never before been obtained.
A horizontal steady water flow in a straight polycarbonate circular pipe was created using a constant- Re is 2250. Even though these puff images are all different, the puffs have the same total length (about 200) and similar structure. In the downstream region, puffs have a few large-scale black spots which increase in number but decrease in size as they go upstream. Finally, black spots fill the pipe to create nearly no-signal regions throughout the cross section. Laminar regions appear again just upstream of the no-signal regions.
The flow visualisation experiment [4] divided a puff into three sections. The first section is a vortex roll-up region at the upstream interface. The second section is a fully turbulent region downstream of the first section. The final section, which is in the most downstream area, is a relaminarising region where longitudinal vortices can be observed.
The present NMR images of puffs cannot display the vortex roll-aps near the pipe wall but quite clearly demonstrate the structure in the longitudinal vortex region. The correspondence between the black spots and the longitudinal vortices, however, seems not to be simple. A rotating phantom (a good model for a longitudinal vortex) has thus been imaged with the same pulse sequence. The phantom was made of a Plexiglass pipe, with an inner diameter of 10 mm, filled with gelatine. Figure 2 shows images of the phantom while rotating at 0 , 19 and 36 RPM. A striped pattern, whose pitch increases proportionally to the rotating speed, is observed, although a slight phase inhomogeneity due to experimental imperfection is seen. This phase variation Q, due to the rotation can be expressed using the following relation:
where (Y (=4.5 rad cm" s) and / 3 (= 1.1 rad cm" S) are constants and U , and U, are the x and y components of the velocity in the imaging plane. This result indicates that one longitudinal vortex would correspond to a pair of black spots aligned along the vertical direction (y) in an NMR image. Figure 3 (a) shows a typical image of a longitudinal vortex which is seen in the downstream region of a puff. The imaginary part of the image clearly visualises both the vortex core and the potential flow around the core. The in-plane flow speed at the edge of the vortex core where the flow speed reaches a maximum is about 1.3 cms". Figure  3(b) is an image of a vortex pair, which is often seen in the downstream region. The imaginary part of the image shows that the rotating directions of the two vortices are different. Figure 3(c) shows a spiral motion of the water, which is usually seen in the upstream of a puff. The angular velocity of the spiral motion is about 1.2 rad S -' .
The structure of a puff derived from the flow visualisation [4] and the present experiment is summarised in figure 4 . The stability of a puff can be explained with this structure but the mechanism in which the longitudinal vortices are generated is still unclear. In conclusion, although the one-shot NMR imaging using an echo-planar-like sequence has disadvantages in the low spatial resolution and a relatively long data acquisition time, this method can be a powerful tool for visualising large-scale coherent structures like longitudinal vortices whose detection is very difficult using other conventional measurements in fluid mechanics experiments.
The author thanks Professor T Inouye for continuing encouragement and Dr K Satoh and his colleagues for helpful advice. This study was partially supported by both Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture in Japan and the University of Tsukuba Project Research.
